Background: Leprosy is a public health problem and a neglected condition of morbidity and mortality in several countries of the world. We analysed time trends and spatiotemporal patterns of leprosy-related mortality in Brazil.
Introduction
Leprosy (Hansen's disease), caused by Mycobacterium leprae, is a neglected tropical disease (NTD) affecting 115 countries, mainly in Africa, the Americas, Southeast Asia and the Eastern Pacific. 1, 2 Prevalence has decreased markedly since the introduction of multidrug therapy (MDT) in the beginning of the 1980s. 2 In 2013, about 216 000 new cases of leprosy were recorded worldwide, with a global annual case detection rate of 3.81 per 100 000 inhabitants. 1 In 2012, there were about 7800 leprosy-related deaths and 151 000 disability-adjusted life years (DALYs) lost worldwide. 3 Brazil has the second highest annual number of new cases of leprosy in the world, and harbours approximately 94% of cases on the American continent. 1 In 2013, about 31 000 new cases were recorded; 61% were classified as multibacillary disease. 4 The case detection rate was 15.44 cases per 100 000 inhabitants. 4 Between 2004 and 2009, an annual average of about 250 leprosy deaths as underlying cause was recorded. 5 The disease is distributed unevenly between the different regions: the Central-West, North and Northeast regions had the highest rates of occurrence and transmission in the country. 4, 6 In general, leprosy is considered a disease with a low case fatality rate. 5, 7 This may be caused by the fact that the disease is chronic and that the bacillus is virtually non-toxic. 2, 5, 7, 8 Leprosy-related deaths are not systematically used in routine as surveillance indicators, and are widely neglected by health professionals and the scientific community. 5, 7, [9] [10] [11] [12] However, the analysis of burden and spatial distribution of leprosy-related mortality is useful to monitor and evaluate the quality of disease control measures implemented in endemic areas. 10 To fill this gap, we analysed time trends and spatiotemporal patterns of leprosy-related mortality in Brazil from 2000 to 2011.
Methods

Study area
Brazil covers a total territory of 8.5 million km 2 and had an estimated population of 202.8 million in 2014. It is divided into five geographic regions (South, Southeast, Central-West, North and Northeast), 27 federal units (26 states and one federal district), and 5570 municipalities (Brazilian Institute of Geography and Statistics [Instituto Brasileiro de Geografia e Estatística, IBGE]; http://www.ibge.gov.br).
Study design and population
We performed a nationwide study using secondary mortality data. We included all deaths that occurred in Brazil between 2000 and 2011, in which leprosy was mentioned on death certificates, either as underlying or as associated cause of death (multiple causes of death). 13 Leprosy-related causes of death were detected according to the 10th revision of the International Statistical Classification of Diseases and Related Health Problems (ICD-10): A30 (leprosy [Hansen disease]); B92 (sequelae of leprosy). 14 15 It is the physicians' responsibility to complete the death certificate forms and to define underlying and associated causes of death. Death certificate forms are standardized throughout the country; the municipalities are responsible for data entry using a software package provided by the Ministry of Health.
Data collection
Information available on death certificates includes: sex, age, race/colour, educational level, marital status, place of residence or occurrence of death, and causes of death (underlying/associated causes).
We downloaded and processed a total of 324 mortality data sets (one data set for each of the 27 federal units during 12 years), with a total of about 12.5 million entries. We checked data sets for completeness. Differing field codes were standardized. Death certificates could have more than one cause of death in the same line and not all lines were necessarily filled out. We thus created new variables for causes of death, if more than one cause was registered in a same line of the death certificates. Then, we identified all death certificates in which leprosy was recorded either as underlying or as associated cause of death. 16, 17 Population data were obtained from the IBGE based on 2000 and 2010 demographic censuses and population estimates for inter-censuses years (2001-2009 and 2011) , and extracted from the DATASUS website.
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Statistical analysis
Crude mortality rates (with their 95% CIs) stratified by sex, age group, race/colour and place of residence (macro-regions, federal units/states and municipalities) were calculated and expressed per 100 000 inhabitants. Age-adjusted rates were calculated by the direct method, using the Brazilian population of the 2010 Census as the standard. Age categories employed in standardization and calculation of age-specific mortality rates were: 0-14, 15-29, 30-39, 40-49, 50-59, 60-69 and ≥70 years. Rate ratios (RRs) and 95% CIs were calculated to determine differences among groups. Statistical significance of differences among groups was evaluated by the x 2 test. Time trend analysis of indicators was performed using joinpoint regression model, 19 to identify joinpoints via a log-linear method, where the direction or the magnitude of the trends changed significantly. The analysis started with 0 joinpoint, which represents a straight line without inflection points, and verified whether one or more joinpoints (in our analysis up to three) in the model were significant. 19 Each significant joinpoint that indicated a change in the slope (if any) was retained in the final regression model. Statistical significance was tested using the Monte Carlo permutation test, which chooses the best segment for each model. The annual percent change (APC) and its 95% CI were calculated for each segment to describe and quantify the trend, and to assess whether this trend is statistically significant (p,0.05). 19 We analysed the spatial distribution and spatiotemporal patterns of leprosy-related mortality using the Brazilian municipalities of residence (n¼5565; territorial division of 2010) as the geographical units of analysis. We calculated average leprosyrelated mortality rates (per 100 000 inhabitants) on municipality level for the 12-year study period. To reduce random variations and provide higher stability of mortality rates in municipalities with small populations and rare events, we calculated smoothed mortality rates (per 100 000 inhabitants) by means of the Local Empirical Bayesian method. 20 Deaths with unknown municipality of residence were excluded.
We evaluated the presence of global spatial autocorrelation using Global Moran's I index (ranging from 21 to +1). 21 Index values close to zero indicate spatial randomness whereas positive/negative values indicate positive/negative spatial autocorrelation, respectively. 21 Spatial autocorrelation was considered significant if p,0.05. Then, we evaluated the existence of local autocorrelation (Local Index of Spatial Association [LISA]) by means of Local Moran's I index. 22 LISA was used to identify significant hot spots (High-High: high values spatial clusters), cold spots (Low-Low: low values spatial clusters), and spatial outliers (HighLow: high values surrounded with low value or Low-High: low values surrounded with high values) of mortality rates. 22 For spatial representation of the Local Moran's index, Moran Maps were used considering municipalities with statistically significant differences (p,0.05).
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We used retrospective Kulldorff's space-time scan statistics to identify high-risk spatiotemporal clusters. 23 We used a Poisson probability model scanning for areas of high leprosy-related mortality, time aggregation of 1 year, with a maximum spatial cluster size equal to 30% of the population at risk, and a maximum temporal cluster size equal to 50% of the study period. Most likely or primary cluster and secondary clusters were detected through the log likelihood ratio test. We computed statistical significance using 999 Monte Carlo simulations.
Statistical analyses were performed using Stata software version 11. 
Ethical considerations
This study was approved by the Ethical Review Board of the Federal University of Ceará , Fortaleza, Brazil (process number 751 109/2014). Analysis was based on publicly available secondary anonymous data, with no possibility of identification of individuals.
Results
In the 12-year study period, a total of 12 491 280 deaths were recorded in Brazil. Leprosy was mentioned in 7732 deaths (proportional mortality rate: 0.062%; 95% CI 0.060-0.063), with 2936 (38.0%) as an underlying cause, and 4796 (62.0%) as an associated cause. The average annual number of leprosy-related deaths was 644.3 per year (95% CI 620.8-667.9). The average annual crude leprosy-related mortality rate was 0.35 deaths/ 100 000 inhabitants (95% CI 0.32-0.38) and the age-adjusted rate 0.43 deaths/100 000 inhabitants (95% CI 0.40-0.46).
The most commonly mentioned leprosy-related cause of death was 'unspecific leprosy' (A30.9; 77.7% of deaths [6006/ 7732]). Of the specific clinical forms (A30.0 to A30.5), lepromatous leprosy (A30.5: 6.6% [508/7732]) was the most common cause mentioned (Table 1) . The North, Northeast and Central-West regions had the highest regional leprosy-related mortality rates compared to the South region ( Table 2 ). The highest average annual age-adjusted rates Transactions of the Royal Society of Tropical Medicine and Hygiene by state of residence were observed in Mato Grosso (1.83 deaths/ 100 000 inhabitants), Acre (1.50 deaths/100 000 inhabitants), and Tocantins (1.25 deaths/100 000 inhabitants) ( Figure 1 and Supplementary Table 1) . Average annual age-adjusted mortality rates were higher in males than females ( Table 2 ). The highest age-specific rates were found in advanced age groups, with a maximum value in ≥70 years-olds (3.65; 95% CI 3.22-4.13). RRs were significantly higher in all age groups as compared to ,15 years-olds. Individuals with black race/colour had a higher rate than white race/colour (Table 2) .
Epidemiological characteristics
Time trends
Age-adjusted mortality rates (APC 3.4; 95% CI 24.9 to 21.9) presented a significant decreasing trend at national level over the 12-year study period, with different patterns between regions (Figure 2 ; Table 3 ). There was a significant decrease in age-adjusted mortality rates in the Southeast (APC 28.4; 95% CI 210.5 to 26.2), South (APC 26.0; 95% CI 28.4 to 23.4), and Central-West (APC 24.6; 95% CI 27.1 to 22.0) regions, while the North and Northeast regions presented increasing, but not significant mortality trends (Table 3) .
Both males (APC 22.9; 95% CI 24.4 to 21.3) and females (APC 24.5; 95% CI 26.1 to 22.8) showed significant decreasing mortality over the period studied. In all age groups mortality decreased over the years, with significant trends in the age groups 15-29 years (APC 24.5; 95% CI 27.4 to 21.4), 40-49 years (APC: -4.0; -6.6 to -1.4) 60-69 years (APC 23.5; 95% CI 25.0 to 21.9) and ≥70 years (APC 24.2; 95% CI 26.4 to 21.9) ( Table 3) .
Spatial distribution and high-risk clusters
In the 12-year study period, 36.6% (2039/5565) of Brazilian municipalities registered at least one leprosy-related death. Figures 3A F. R. Martins-Melo et al.
and B present the spatial distribution of the average annual crude and smoothed mortality rates, respectively. Average annual crude mortality rates among municipalities ranged from 0.0 to 28.2 deaths/100 000 inhabitants, and smoothed mortality rates from 0.0 to 11.2 deaths/100 000 inhabitants. We observed municipalities with high leprosy-related mortality rates (.1.0 deaths/ 100 000 inhabitants) in all Brazilian regions, with concentration mainly in Central-West, North and Northeast regions ( Figures 3A  and B) . The Bayesian method generated more stable corrected mortality rates ( Figure 3B ). Global Moran's I index for the study period showed significant positive spatial autocorrelation (0.156; p,0.01), evidencing the existence of spatial dependence among municipalities. Figure 3C presents high-risk clusters of municipalities identified according to the LISA analysis. We identified high-risk mortality clusters (High/ High) covering areas in all Brazilian regions. There was a large concentric cluster encompassing a wide geographic range covering from the northwest of Paraná state, most municipalities of the states of Central-West region and the Tocantins state, the southeast and south areas of Pará state, extending to Ceará state. Other high-risk clusters covered areas in the northwest of Rondô nia state, south and southwest of Amazonas state, and most municipalities of Acre state ( Figure 3C ). Clusters of municipalities with low rates (Low/Low) were found covering large areas in the South, Southeast and Northeast regions ( Figure 3C ).
The scan space-time analysis identified 13 significant spatiotemporal high-risk clusters for leprosy-related deaths covering areas in all Brazilian regions ( Figure 3D ; Table 4 ). The most likely cluster (primary cluster) was detected between 2006 and 2011, and included 1568 municipalities in the entire North region, most Figure 3D ). The annual crude mortality rate of this cluster was 0.7 deaths/100 000 inhabitants and the relative risk was 2.17 (p,0.001) ( Table 4) . Secondary high-risk clusters were located in the states of Northeast, Southeast, South and Central-West regions ( Figure 3D ). The relative risks of the secondary clusters ranged from 1.77 to 114.34, and annual mortality rates from 0.6 to 40.1 deaths/ 100 000 inhabitants (Table 4 ).
Discussion
Our nationwide study provides a comprehensive overview of leprosy-related deaths in Brazil during a 12-year period. There was a decreasing mortality trend, with differing patterns among regions. The burden of leprosy deaths was higher for lepromatous leprosy, among males, elderly, black race/color and in leprosyendemic regions. The high-risk areas for leprosy-related mortality were distributed mainly in highly endemic and socio-economically deprived areas.
The high leprosy mortality in males as observed in our study reflects the patterns of the disease in Brazil, since new cases are predominantly males, and development of more severe forms of the disease occurs more commonly in this gender. 4, 11 This finding is similar to the results of previous mortality studies, analysing the underlying cause of death. 5, 7, [9] [10] [11] [12] The predominance of leprosy in males in most parts of the world can be explained by the different cultural, socioeconomic, environmental and behavioural conditions. A lower adherence to medical care (both for diagnosis and treatment) can generate greater exposure and severity of leprosy in males. 1, 5, 12 A higher risk for leprosy-related death was also observed among the elderly, corroborating findings of previous studies. 5, 11 In the advanced age groups, there is a higher occurrence of chronic comorbidities, reduced effectiveness of treatment, which in turn increase the chance of leprosy-related complications and deaths. 11, 12, 24 Interestingly, there was a considerable number of deaths in children and economically productive age group, which should have presented a better response to treatment. 11 The higher death rates in individuals of black race/colour compared to the white population indicate possible social disparities and limited access to health services in the determination of leprosy-related deaths in Brazil. 16, 22, 25 However, the considerable number of missing entries regarding race/colour and the different recording procedures for this variable in information systems (IBGE: variable is self-reported; SIM: variable is registered by health professionals) 5 limits the validity, and interpretation of this information should be performed with caution.
The lepromatous form was the most frequent clinical presentation in leprosy-related deaths. Cases with lepromatous form present an increased risk of developing complications or have potentially more severe leprosy reactions. 7, 11, 26 These patients usually require a longer treatment time, are generally diagnosed at a later stage, and may be more likely to develop leprosy reactions, advanced disability grade, adverse events to the drugs F. R. Martins-Melo et al.
(mainly MDT and corticosteroids), and post-treatment complications. 11, 12 In the Philippines, mortality rate for lepromatous patients was five times higher as compared to the general population, while the risk of non-lepromatous patients was similar to the general population. 9 In a rural area in South India, the mortality rate for lepromatous patients was 3.5 times higher than in the general population. The non-lepromatous patients had a two-fold mortality risk. Leprosy was considered to have contributed to about 1% of all deaths in this population. 27 However, the relatively high proportion of deaths (approximately 80%) in our study without specification of the clinical form limits interpretation of data in this context.
The decreasing trend of leprosy-related mortality follows the observed pattern of decline of leprosy-related morbidity indicators in Brazil during recent years, 4,28 mainly due to efforts of the leprosy control programs, expansion of public healthcare and improvements in socioeconomic conditions. 29, 30 The significant reduction of new leprosy cases and consequently of complications may be related to the expansion of the decentralization of the Brazilian Unified Health System (especially the expansion of Transactions of the Royal Society of Tropical Medicine and Hygiene coverage and quality of primary health care), contributing to the decline of hidden prevalence in endemic areas in recent years. 30, 31 However, some endemic regions, such as the North and Northeast, did not present declining trends of mortality, despite the reduced disease burden.
During the study period, the risk and impact of leprosy-related mortality was highest in the Central-West, North and Northeast regions, mainly in the states of the Brazilian Amazon. 28 From 2001-2012, these areas presented the highest morbidity indicators in the country and were considered highly endemic regions. 4, 31 In fact, the different spatial analysis tools used in this study identified large spatial and spatiotemporal high-risk clusters for leprosy-related mortality in these regions, and displayed a heterogenous pattern across those areas. The distribution of highly endemic areas for disease in Brazil can be explained by social and historical factors associated with the colonization of the Amazon region, migration and maintenance of social inequities in the Northeast region. 28 A large-scale Brazilian study showed that the distribution of leprosy is associated with municipalities with low socio-economic indicators, high urbanization and social inequality, primarily located in the Central West, North and Northeast regions. 32 The guarantee of equal access to health services-prevention, diagnosis, rehabilitation and treatment-is important for leprosy control. 6 Despite the expansion of primary health care coverage via the Family Health Program (Programa de Saú de da Família) and implementation of the Brazilian conditional cash transfer program (Programa Bolsa Família) which both had an operational and epidemiological impact on leprosy, 30 control activities in endemic areas should take into account the multiple socioeconomic and environmental determinants. 32 In fact, leprosy is one of the diseases that form part of the 'Brazil Without Extreme Poverty Plan' (Plano Brasil Sem Misé ria) of the Federal Government, which seeks to eliminate the disease as a public health problem by 2015 (prevalence lower than 1 case per 10 000 inhabitants). 6 The strategy used for disease control by the 'General Coordination for Leprosy and Diseases under Elimination' of the Ministry of Health consists of early detection and prompt treatment of cases to eliminate the sources of infection and prevent sequels. 6 Innovative measures are applied, by integrating services and seeking partnerships with the civil society to support disease control. 29 However, for effective and sustainable control of leprosy in endemic areas, F. R. Martins-Melo et al.
specific control measures should be developed together with investments in improving the population's living conditions and access to high-quality health. 32, 33 In addition, there is the need of integrated health care, including assessment of patients after release from treatment, with the appropriate management and monitoring of leprosy reactions, in order to prevent progression to severe complications and deaths. 12 Our study has some limitations. Despite the progress achieved during the observation period in terms of coverage of SIM database and improved quality of information about causes of death, 16, 25 data may be incomplete and present inconsistencies regarding quantity and quality of information over time and between regions. 3, 16, 25, 34 In fact, coverage (ratio of reported/estimated deaths) varied considerably among Brazilian regions, from 75.3% in the North to 100.0% in the South in 2000; and 85.9% in the North to 98.5% in the South region in 2011 (http://tabnet. datasus.gov.br/cgi/idb2012/a1801b.htm). The proportion of deaths from ill-defined causes is also unequally distributed between socio-economic strata. 3, 16, 17, 25, 34 Interpretation of trend data and regional differences should consider these circumstances. The underlying cause of death may have been coded as a complication or aggravation associated with leprosy, or as other causes not related to disease in which leprosy was recorded as an associated cause. We collected information based on multiple causes of death, i.e., the mention of leprosy in any field rather than only the underlying cause, to allow a more reliable estimation of the true magnitude of leprosy-related mortality in Brazil. In fact, leprosy-related mortality rates increased about 170% when multiple causes of death were considered, evidencing an underestimation of leprosy-related deaths if only underlying causes of death are used as a basis for calculation. Another limitation is the instability of mortality data in expressing the risk of a rare event or when the population of the location is small. 17, 32 To reduce this limitation, we used smoothed rates by means of the local Bayesian estimation method. Scan statistic also has some limitations. The cylindrical window imposed for scan space-time analysis to identify clusters may include places of low rates or with absence of deaths, if these places are surrounded by places characterized by high mortality rates. 23 In addition, the results produced are very sensitive to the parameter settings of the statistical program. 35 Despite these limitations, the data analysed are consistent and representative for a country of continental dimensions over a period of 12 years.
Conclusions
Leprosy, an NTD with limited scientific and political attention, is a neglected cause of death in Brazil. High-risk areas for leprosyrelated mortality are located mainly in Brazil's socio-economically most deprived regions. The disease is treatable, a cost-effective and free treatment is available, complications are preventable, and the impact of primary healthcare interventions is tremendous. Thus, sustainable control measures should include appropriate management of leprosy-related complications that may be related to death, such as severe leprosy reactions and adverse effects to MDT and other drugs. Systematic monitoring should include leprosy-related chronic complications and deaths. Mortality data, which are easily available, can be used to monitor ongoing disease control activities, not only for leprosy but also other infectious and non-infectious diseases.
